ABSTRACT S e a s a t s y n t h e t i c a p e r t u r e r a d a r ( S A R ) s a t e l l i t e imagery was used t o i n t e r p r e t t h e s t r u c t u r a l framework. and, i n d i r e c t l y , t h e geothermal p o t e n t i a l o f an area i n western Nebraska. Lineaments were mapped from t h e imagery and t h e n compared t o known s t r u c t u r e .
I. INTRODUCTION
The purpose of u s i n g Seasat s y n t h e t i c a p e r t u r e r a d a r (SAR) s a t e l l i t e imagery i n western Nebraska was t o see i f s u r f a c e e x p r e s s i o n o f s u b t l e s t r u c t u r a l f e a t u r e s i n an area o f l i t t l e r e l i e f c o u l d be d e t e c t e d u s i n g t h i s remote sensing technique.
Primary o b j e c t i v e s o f t h i s study were t o examine f o l d s , f a u l t s , f r a c t u r e s , and j o i n t s u s i n g t h i s method; i f these s t r u c t u r e s c o u l d be d e t e c t e d , a f u r t h e r examination t r i e d t o separate s t r u c t u r a l forms.
Such a reconnaissance i s e s p e c i a l l y p r o m i s i n g i n t h e c o n t e x t o f a l a r q e r e x p l o r a t i o n program; i t i s a way t o save t i m e and money i n p i n p o i n t i n g s p e c i f i c areas f o r more d e t a i l e d subsurface g e o l o g i c a l and geophysical e x p l o r a t i o n .
The area i n q u e s t i o n i s i n t e r e s t i n g from a geothermal s t a n d p o i n t , as t h e r e i s a geothermal anomaly, based on s i 1 i c a and sodium-potassium-calcium (Na-K-Ca) geothermometry, c o v e r i n g much o f western Nebraska (Swanberg and Morgan 1978 ; M i d c o n t i n e n t Hot Dry Rock Study Group 1980) .
Since geothermal anomalies appear t o be r e l a t e d t o t h e s t r u c t u r a l f e a t u r e s i n western Nebraska, Seasat imagery was used t o p i n p o i n t o t h e r areas o f geotherma p o t e n t i a l . 1 11. REGIONAL STRATIGRAPHY AND STRUCTURE OF WESTERN NEBRASKA Precambrian basement r o c k t y p e s a l o n g t h e Cambridge a r c h ( F i g . 1 ) a r e b e t t e r known t h a n i n a d j a c e n t areas due t o t h e r e l a t i v e t h i n n i n g o f s e d imentary s e c t i o n o v e r t h e a r c h and t h e g r e a t e r number o f o i l and gas d r i l l h o l e s t h a t have reached t h e Precambrian s u r f a c e .
Much i n f o r m a t i o n i s s t i l l needed t o a c c u r a t e l y p o r t r a y basement l i t h o l o g y , b u t i t i s known t h a t t h e r e i s q u i t e a complex assemblage o f rocks.
W i t h i n t h e area t h e d i s t r i b u t i o n o f g r a n i t e s , s c h i s t s , g r a n o f e l s, and gnei sses has been general l y d e l i n e a t e d ( P l a t e 1, i n s i d e back c o v e r ) ( L i d i a k 1 9 7 2 ) . R u b i d i u m -S t r o n t i u m a n d Potassium-Argon ages o f t h e s c h i s t s , g r a n o f e l s, and gnei sses suggest t h a t Precambrian metamorphic r o c k s o f t h e Cambridge a r c h and a d j o i n i n g area a r e n o t younger t h a n 1800 Myr b.p., p r o b a b l y o f Precambrian X age ( L i d i a k 1972).
Merriam and A t k i n s o n (1955) s t a t e d t h a t b i o t i t e g r a n i t e s have i n t r u d e d t h e o l d e r metamorphic r o c k s and a r e younger t h a n 1800 Myr b.p. L i d i a k (1972) and Z i e t z and o t h e r s (1966) have agreed w i t h t h i s t h e o r y by n o t i n g t h e c i rc u l a r shapes, absence o f f o l i a t i o n , magnetic h i g h s , and n o r t h e a s t -t r e n d i n g l i t h o l o g i c anomalies o f t h e s e g r a n i t i c bodies.
L i d i a k (1969, 1972) has suggested t h r e e p e r i o d s o f g r a n i t e emplacement i n Nebraska; t h e e a r l i e s t o c c u r r e d 1700 Myr b.p. i n n o r t h w e s t e r n Nebraska, f r o m 1570 t o 1580 Myr b.p. i n s o u t h e r n Nebraska, and between 1510 and 1540 Myr b.p. i n n o r t h e r n Nebraska and s o u t h e r n South Dakota.
However, t h e ages o f t h e l a t t e r t w o p e r i o d s o f p l u t o n i s m may be o l d e r due t o l a t e r widespread thermal a c t i v i t y t h a t may have r e s e t r a d i o g e n i c c l o c k s .
A1 ong t h e c r e s t o f t h e Chadron-Cambridge arch, sediment t h i c k n e s s e s range f r o m 900 rn i n n o r t h w e s t e r n Nebraska t o 1300 m i n t h e w e s t -c e n t r a l r e g i o n t o 1250 m i n southwestern Nebraska.
The a r c h system i s asymmetric; sediments t h i c k e n r a p i d l y west o f t h e Chadron arch, w h i l e t h e s e c t i o n t h i c k e n s more gradu a l l y t o t h e e a s t o f t h e a r c h ( W u l f 1964).
I n c o n t r a s t , t h e o p p o s i t e o c c u r s i n t h e Cambridge a r c h area, w i t h t h e s e c t i o n t h i c k e n i n g more r a p i d l y t o t h e e a s t o f t h e a r c h t h a n t o t h e west ( C a r l s o n 1966).
The sedimentary s e c t i o n on t h e f l a n k s o f t h e a r c h system i s c h a r a c t e r i z e d b y u n c o n f o r m i t i e s and t h i c k e n i n g o f Pennsylvanian, Permian, T r i a s s i c , and Cretaceous r o c k s away from t h e a r c h axes ( K i n g 1951; Wulf 1964) .
Pre-Cenozoic r o c k u n i t s t h a t o v e r l i e t h e c r e s t o f t h e Chadron-Cambridge system a r e t h i n n e r t h a n t h o s e on t h e f l a n k s o f t h e a r c h due t o d e p o s i t i o n a l c o n t r o l by t h e a r c h and t o u n c o n f o r m i t i e s caused b y t h e e r o s i o n o f beds as t h e a r c h system was up1 i f t e d p e r i o d i c a l l y .
F i g u r e 2 shows a g e n e r a l i z e d r e g i o n a l s t r a t i g r a p h y f o r w e s t e r n Nebraska.
I n Cambrian t h r o u g h M i s s i s s i p p i a n t i m e , d e p o s i t i o n was m i n i m a l . A h i g h l a n d area was c o i n c i d e n t a l w i t h t h e a r c h ( T a b l e I ) ( W u l f 1964).
Much o f what was d e p o s i t e d up t h r o u g h M i s s i s s i p p i a n t i m e was removed a t t h e end o f t h a t p e r i o d d u r i n g broad u p l i f t o f t h e a r c h and e r o s i o n , r e s u l t i n g i n a widespread u n c o n f o r m i t y ( L a r s o n 1962).
T r a n s g r e s s i o n i n t h e Pennsylvanian t h o r o u g h l y b u r i e d t h e a r c h under m a r i n e sediments (Wulf 1964); t h i c k n e s s and d i s t r i b u t i o n o f f a c i e s was c o n t r o l l e d h e r e by t h e movement o f t h e a r c h .
The Cambridge a r c h was l e s s a c t i v e t h a n t h e Chadron a r c h d u r i n g t h e Permian, whereas d u r i n g E a r l y Cretaceous t i m e t h e o p p o s i t e was t h e case (Moore and Nelson 1974) .
Very l i t t l e T r i a s s i c and J u r a s s i c sed m e n t a t i o n o c c u r r e d on t h e a r c h system due t o c o n t i n u e d u p l i f t and e r o s i o n t h e r e (Larson 1962) .
Post-Laramide T e r t i a r y sediments were unconformably d Larson 1962 S c h i s l e r , A., i n d e p e n d e n t g e o l o g i s t , G o l d e n , C o l o r a d o , p e r s o n a l S t a n l e y 1971 S t a n l e y and Wayne 1972 A. T e c t o n i c Framework and H i s t o r y P l a t e 2 ( i n s i d e back c o v e r ) shows t h e known s t r u c t u r a l f e a t u r e s o f t h e area.
Note t h a t t h e s t r u c t u r a f framework i s o n l y g e n e r a l l y known as almost a l l of t h e i n f o r m a t i o n i s based on u n p u b l i s h e d o i l and gas w e l l data.
The most prominent Precambrian basement f e a t u r e i n western Nebraska i s t h e n o r t h w e s t -t r e n d i n g Chadron-Cambridge a r c h system ( F i g . 1) , w h i c h extends n o r t h w e s t from t h e C e n t r a l Kansas U p l i f t t o t h e Black H i l l s U p l i f t . The d i ff e r e n t elements o f t h e a r c h system cannot , however, be c o n s i d e r e d t o g e t h e r i n terms o f t e c t o n i c a c t i v i t y , as each p a r t o f t h e system has been a c t i v e a t d i ff e r e n t times d u r i n g t h e Phanerozoic. R e g i o n a l l y , t h e r e has been a n o r t h w e s t p r o g r e s s i o n o f t e c t o n i c a c t i v i t y w i t h t i m e (Merriam and A t k i n s o n 1955).
I t has been suggested t h a t t h e Cambridge a r c h i s r e l a t e d more c l o s e l y i n t i m e t o t h e n o r t h e a s t -t r e n d i n g Siouxana a r c h t h a n t o t h e Chadron a r c h o r C e n t r a l Kansas U p l i f t ( B a r r and B i e b e r 1961).
U p l i f t o f t h e B l a c k H i l l s may have occ u r r e d l a t e r t h a n t h a t o f t h e Chadron arch; l i k e w i s e , Cambridge a r c h t e c t o n i c a c t i v i t y came b e f o r e ' t h a t o f t h e Chadron, and movement on t h e C e n t r a l Kansas U p l i f t preceded Cambridge movement. The Cambridge a r c h has been a c t i v e i n t e r m i t t e n t l y t h r o u g h o u t t h e Phaneroz o i c ; movements a r e summarized i n T a b l e I. A d d i t i o n a l l y , S t a n l e y and Wayne (1972) have n o t e d r e c e n t movement on t h e arch, as evidenced by a b r u p t changes i n r i v e r courses over t h e arch, d r a i n a g e p a t t e r n s , and antecedent streams i n t h e region. F u r t h e r , Woollard (1958) has recorded earthquakes a l o n g t h e arch, and Farquhar (1957) has noted a c t i v i t y on t h e system i n Kansas.
He noted t h i s i s p r i m a r i l y a v e r t i c a l movement r a t h e r t h a n h o r i z o n t a l s h o r t e n i n g . r e l a t i o n i s t r u e f o r t h e system as a whole, as t h e s e movements t h r o u g h have been e p e i r o g e n i c r a t h e r than orogenic. These o b s e r v a t i o n s o f a c t a l o n g t h e a r c h a r e supported by Adams' (1980) data demonstrating presen t i l t i n g o f t h e m i d c o n t i n e n t region.
I n summary, t h e r e c u r r e n t up1 i f t a l o n g t h e Cambridge-Chadron system g e s t s a fundamental zone o f weakness t h a t has e x i s t e d s i n c e l a t e M i Sediments draped over an anomalously steep Precambrian s u r f a c e s u g g e s t basement f a u l t i n g , as t h e c o n f i g u r a t i o n o f d i f f e r e n t sedimentary s u r f a c e s r e f 1 e c t s basement topography on s t r u c t u r e c o n t o u r maps o f t h i s area.
Thus, t h e r e i s a corresponding steep d i p o f t h e sediments and a t h i c k e n i n g o f sedimentary s e c t i o n .
It i s p o s s i b l e t h a t t h e sediments were d e p o s i t e d over Precambrian basement r i d g e s , c a u s i n g t h e anomalously steep d i p s on e i t h e r s i d e ; f a u l t i n g would n o t be necessary i n t h i s case.
To a l e s s e r e x t e n t , steep d i p s a l s o may be due t o d i f f e r e n t i a l compaction o f sediments and r e c u r r e n t u p l i f t ( K i n g 1951). But such t h e o r i e s can be e l i m i n a t e d w i t h r e g a r d t o t h e mapped steep d i p s .
Sedimentary isopachous maps do n o t show t h i c k e n i n g on t h e f l a n k s and t h i n n i n g i n t h e m i d d l e as would be expected w i t h such a d r a p i n g over basement knobs (Larson 1962 ).
Larson (1962) a l s o has found g r e a t e r f r a c t u r i n g i n 1 imestones where steep d i p occurs on s t r u c t u r e c o n t o u r maps. Furthermore, i t i s suggested t h a t t h e development o f f a u l t i n g o c c u r r e d s i m u l t a n e o u s l y w i t h e p e i r o g e n i c movement on t h e a r c h (Larson 1962; Moore and Nelson 1974).
Thus, u p l i f t o f t h e arch, e r o s i o n and r e s u l t i n g d e p o s i t i o n o f sediments o f f t h e arch, and basement f a u l t i n g a r e e s s e n t i a l l y contemporaneous. F u r t h e r sedimentary d e p o s i t i o n can occur a s h o r t t i m e a f t e r t h e onset o f f a u l t i n g . Also, i t i s i m p o r t a n t t o r e a l i z e t h a t t h e e p e i r o g e n i c movement on t h e Cambridge-Chadron system i s e s s e n t i a l l y v e r t i c a l .
L i d i a k (1972) has noted l i t t l e , i f any, Phanerozoic l a t e r a l s t r i k e -s l i p movement i n t h e r e g i o n , a l t h o u g h west-northwest and w e s t -t r e n d i n g Precambrian c a t a c l a s t i c shear zones a r e prominent i n s e v e r a l areas ( P l a t e 1). T h i s f a c t i s c o r r o b o r a t e d by t h e s t y l e of f a u l t i n g , an e x t r e m e l y h i g h a n g l e displacement ( S c h i s l e r * ) . Such h i g h a n g l e f a u l t i n g makes t h e v e r i f i c a t i o n o f steep d i p as a m a n i f e s t a t i o n o f subsurface f a u l t i n g an e x t r e m e l y 1972) and shown i n P l a t e 1.
d i f f i c u l t t a s k , as t h e r e i s no a d d i t i o n o r removal o f s e c t i o n r e c o g n i z a b l e from e l e c t r i c l o g d a t a on e i t h e r s i d e o f a f a u l t . F u r t h e r evidence of f a u l t i n g i s p r o v i d e d by steep g r a d i e n t s i n aeromagn e t i c d a t a i n p l a c e s where Precambrian basement l i t h o l o g i c c o n t a c t s a r e n o t observed from d r i l l i n g r e c o r d s ( Z i e t z and o t h e r s 1966); c o n t a c t s between Precambrian l i t h o l o g i c u n i t s a r e from L i d i a k (
F a u l t s , steep d i p s , and steep aeromagnetic g r a d i e n t s , shown on P l a t e 2, t r e n d g e n e r a l l y n o r t h w e s t and p a r a l l e l t h e s t r i k e o f t h e Cambridge a r c h ( Z i e t z e t al., 1966), i n d i c a t i n g t h a t t h e s e s t r u c t u r e s a r e r e l a t e d t o t h e a r c h and were c r e a t e d d u r i n g epei r o g e n i c up1 i f t .
I n c o n t r a s t , few known s t r u c t u r e s t r e n d p a r a l l e l t o t h e Siouxana arch, suggesting t h a t t h e Siouxana i s and was l e s s a c t i v e t e c t o n i c a l l y t h a n t h e Cambridge arch.
A l t e r n a t i v e l y , t h e r e may be a l a c k o f d a t a f o r t h i s area.
* S c h i s l e r , A., independent g e o l o g i s t , Golden, Colorado, personal communication (1980) .
b F o l d i n g i n t h e area, shown on P l a t e 2, e x h i b i t s two d i s t i n c t t r e n d s .
The f i r s t r o u g h l y p a r a l l e l s t h e Cambridge system.
As an example, t h e f o l d s c e n t e r e d south o f N40" l a t i t u d e and WlOl"30' l o n g i t u d e show a change i n t r e n d d i r e c t i o n from s o u t h e r l y t o s o u t h w e s t e r l y , s u g g e s t i n g t h a t f o l d s a r e a f f e c t e d by and f o l l o w t h e s t r i k e o f t h e arch. The f o l d i n g may have formed as b u c k l i n g and/or g r a v i t y s l i d i n g occurred w i t h p e r i o d i c u p l i f t o f t h e arch. A second d i st i n c t t r e n d o f f o l d s i s recognized c e n t e r e d about N40'45' l a t i t u d e , W10lo30' l o n g i t u d e .
These a n t i c 1 i n e s and sync1 i n e s t r e n d east-west b u t i n v a r i a b l y plunge t o t h e west.
They a r e o b l i q u e t o t h e a r c h system, i n d i c a t i n g t h a t t h e f o l d i n g formed by a d i f f e r e n t process.
The number o f f o l d s i n t h i s t r e n d i ncreases t o t h e west-northwest o f f t h e s t u d y area (Osterwald and Dean 1961). The t r e n d may be e x p l a i n e d i n l i g h t o f Permian e v a p o r i t e beds. T h i s c l u s t e r of f o l d s corresponds w i t h t h i c k e v a p o r i t e d e p o s i t s o f Upper Leonardian age i n western Nebraska
and a 75-m-thick s e c t i o n o f Wolfcampian age e v a p o r i t e s i n southwestern Nebraska (Rascoe and Baars 1972) .
Thus, s a l t -t e c t o n i c s may be p a r t l y r e s p o n s i b l e f o r d e f o r m a t i o n o f beds i n t o broad, g e n t l e f o l d s a l o n g t h e f l a n k s o f t h e arch.
The e v a p o r i t e d e p o s i t s a r e i r r e g u l a r i n e x t e n t ,
w i t h a b r u p t f a c i e s changes t o c l a s t i c rocks i n t h e e a s t i n t h e area of t h e Cambridge arch. However, i t i s p o s s i b l e t h a t a c t i v i t y on t h e Cambridge system c o u l d have i n i t i a t e d s a l t flowage.
Perhaps t h i s t h e o r y e x p l a i n s t h e f a c t t h a t t h e f o l d s plunge west, away from t h e a r c h system, and were caused by s l i p downd i p i n t o t h e Denver Basin.
SEASAT DATA INTERPRETATION
A.
C h a r a c t e r i s t i c s and Techniques The Seasat s a t e l l i t e operated t h r o u q h t h e summer o f 1978 a t an a l t i t u d e o f 800 km.
It c a r r i e d a s y n t h e t i c a p e r t i r e r a d a r (SAR) t h a t was a b l e t o image 100-km-wide swaths across b o t h l a n d and sea.
The 108" o r b i t a l i n c l i n a t i o n r e s u l t e d i n two ' l o o k ' d i r e c t i o n s f o r t h e imagery, one t r e n d i n g n o r t h e a s t and t h e o t h e r northwest.
I n t h i s manner, c e r t a i n areas were imaged w i t h two d i ff e r e n t i l l u m i n a t i o n d i r e c t i o n s .
The i n c i d e n c e angle o f t h e r a d a r beam a t 20" from t h e v e r t i c a l was n o t optimum f o r g e o l o g i c purposes as i t l e a d s t o cons i d e r a b l e d i s t o r t i o n i n t o p o g r a p h i c a l l y rugged areas. T h i s was, however, n o t a problem i n t h e g e n t l e topography o f t h e area.
A d e s c r i p t i o n o f t h e Seasat imaging r a d a r and d i s c u s s i o n s o f appl i c a t i o n s t o geology and oceanography can be found i n E l a c h i (1980) . The Seasat SAR system was a c t i v e , meaning t h a t i t t r a n s m i t t e d and rec e i v e d i t s own energy t o o b t a i n t h e image.
Thus, Seasat was independent o f such v a r i a b l e s as sun angle, t i m e o f day, and weather c o n d i t i o n s .
I n cont r a s t , t h e Landsat s a t e l l i t e i s a p a s s i v e system, dependent upon t h e s e e n v i r o nmental and p h y s i c a l v a r i a b l e s ( L i l lesand and K i e f e r 1979).
F a c t o r s t h a t modulate image t o n e o r b r i g h t n e s s i n a r a d a r image a r e s u rf a c e slope and roughness, t h e s c a l e o f t h e r a d a r o p e r a t i n g wavelength, and surf a c e d i e l e c t r i c constant.
The Seasat system, w i t h an i n c i d e n c e angle o f Z O O , i s s e n s i t i v e t o slopes near t h i s angle which f a c e t h e radar.
A t t h i s wavel e n g t h , low f a u l t scarps a r e b r i g h t s p e c u l a r r e f l e c t o r s ; and s u r f a c e roughness causes c o n s i d e r a b l e energy t o be b a c k s c a t t e r e d , r e s u l t i n g i n a b r i g h t image tone.
P l a t e 3 ( i n s i d e back c o v e r ) i s a Seasat image o f t h e s t u d y area i n western Nebraska. P l a t e 4 ( i n s i d e back c o v e r ) shows l i n e a m e n t s mapped from t h e image.
These lineaments were chosen a c c o r d i n g t o s e v e r a l c r i t e r i a .
L i n e a r , b r i g h t 1 i n e s w h i c h may r e p r e s e n t s t r e a m c h a n n e l s , s c a r p s , and 7 1 i t h o l o g i c boundaries were mapped.
Tonal v a r i a t i o n s t h a t suggested e i t h e r a change i n s u r f a c e l i t h o l o g y o r perhaps a f a u l t were recorded.
The chances o f a s u r f i c i a l l i t h o l o g i c boundary d i m i n i s h as t h e l i n e a r i t y o f t h e f e a t u r e i n c r e a s e s , suggesting f a u l t i n g and/or f r a c t u r i n g . F i n a l l y , a 1 i n e t h a t shows d i s c o n t i n u i t i e s t o e i t h e r s i d e s t r o n g l y suggests t h a t t h e r e has been some o f f s e t .
The l a s t two c r i t e r i a a r e e s p e c i a l l y i n d i c a t i v e o f f a u l t i n g , whereas t h e f i r s t may r e p r e s e n t j o i n t s e t s t h a t o f t e n appear c l e a r l y on s a t e l l i t e imagery. P o s s i b l e f o l d i n g shown on P l a t e 4 was i n f e r r e d on t h e b a s i s o f t o n a l v a r ia t i o n s on t h e imagery.
I n t e r p r e t a t i o n o f f o l d i n g i s d i f f i c u l t i n t h i s area, because n e a r l y f l a t -l y i ng T e r t i a r y sediments l y i n g unconformably above t h e f o l d e d s e c t i o n f r e q u e n t l y mask t h e o l d e r g e o l o g i c s t r u c t u r e .
B. Trends on Seasat Imagery P l a t e 4 shows t h e r e s u l t s o f i n t e r p r e t a t i o n based on Seasat imagery. South o f N40° l a t i t u d e p o s s i b l e broad, g e n t l e f o l d s a r e shown, t r e n d i n g e a s twest ( P l a t e 4 ) . Lineaments do n o t show up w e l l i n t h i s area due t o t h e poor c o n t r a s t o f t h e image and due t o m o d i f i c a t i o n o f t h e s u r f a c e by f a r m i n g a c t i v i t y . A s t r o n g northwest t r e n d i s d e t e c t e d t o t h e n o r t h o f N40° l a t i t u d e ; i n f a c t , t h i s i s t h e dominant t r e n d t h r o u g h o u t t h e n o r t h e r n s e c t i o n o f t h e map as i n d i c a t e d by lineaments v i s i b l e on Seasat imagery. Furthermore, t h i s t r e n d suggests a r e l a t i o n o f t h e surface landforms t o t h e Cambridge arch. I n t h i s area t o p o g r a p h i c r e l i e f i s g r e a t e r t h a n t o t h e south; as a r e s u l t , a g r e a t e r number o f s t r u c t u r a l f e a t u r e s a r e expressed on t h e imagery. The Siouxana a r c h cannot be d e l i n e a t e d w i t h Seasat imagery ( P l a t e 4 ) . A p o o r l y d e f i n e d group o f lineaments, v i s i b l e i n t h e area o f N41° l a t i t u d e , W l O O O l o n g i t u d e , may be r e l a t e d t o t h e Siouxana. The Siouxana a r c h has n o t been as a c t i v e as t h e Cambridge system; t h i s i n a c t i v i t y may account f o r t h e l a c k o f w e l l -d e f i n e d lineaments. S t a n l e y and Wayne (1972), on t h e b a s i s o f minimal P l e i s t o c e n e movement o f t h e Siouxana, a l s o b e l i e v e t h a t t h e r e has been 1 i t t l e r e c e n t a c t i v i t y t h e r e . Another s u b o r d i n a t e s e t o f east-west l i n e a r t r e n d s i s v i s i b l e among t h e dune f i e l d s o f t h e M i d d l e Loup River. It i s p o s s i b l e t h a t a e o l i a n a c t i o n has c r e a t e d t h e s e lineaments, b u t s t r u c t u r a l r e l i e f may be v i s i b l e t h r o u g h t h e dune d e p o s i t s and may r e l a t e t o t h e movement over s a l t d e p o s i t s p r e s e n t t o t h e west o f W102O l o n g i t u d e .
Frequency-azimuth histograms were drawn from 1 ineaments on P1 a t e 4 ( F i g . 3).
O v e r a l l , a s t r o n g n o r t h -n o r t h w e s t t r e n d i s observed w i t h a mean azimuth o f 335" f o r a l l lineaments ( F i g . 3a). T h i s t r e n d i s s u b p a r a l l e l t o t h e r e g i o n a l n o r t h w e s t s t r i k e o f t h e Cambridge arch. However, i n t h i s area t h e a r c h t r e n d s i r r e g u l a r l y n o r t h -n o r t h w e s t when mapped from e x p l o r a t i o n d r i l l h o l e s t h a t p e n e t r a t e t h e Precambrian s u r f a c e ( P l a t e 2 ) ( C a r l s o n 1966). The e f f e c t of p e r i o d i c u p l i f t o f t h e Cambridge a r c h on lineament o r i e nt a t i o n s can be seen when comparing d i f f e r e n t areas.
Between N41" -N42" l a t i t u d e , W100" -W101" l o n g i t u d e , l i n e a m e n t s t r e n d a t a mean azimuth o f 321" ( F i g . 3b) .
T h i s number c o r r e l a t e s w e l l w i t h an average t r e n d o f 322" o f t h e a r c h i n t h i s area.
A d d i t i o n a l l y , F i g . 3b suggests a bimodal grouping o f azimuths.
A s t r o n g secondary t r e n d s t r i k i n g 270" -280" may r e f l e c t t h e bending of t h e a r c h t o t h e west near t h e M i d d l e Loup R i v e r on t h e n o r t h e r n p a r t o f P l a t e 2.
Between N40" -N41" l a t i t u d e , W101" -W102" l o n g i t u d e , lineaments t r e n d
again t o t h e n o r t h e a s t ( F i g . 3c).
Removed from t h e l o c a l l y f l u c t u a t i n g s t r i k e o f t h e arch, t h e lineaments assume t h e r e g i o n a l northwest t r e n d o f t h e arch. 
Histograms o f o r i e n t a t i o n s o f lineaments mapped on P l a t e 4. F i q . 3a r e p r e s e n t s o r i e n t a t i o n s of a l l lineaments.
F i g . 3h, 3c, and 3d r e p r e s e n t o r i e n t a t i o n s of l i n e a m e n t s mapped i n i n d i v i d u a l l a t i - Between N40" -N41" l a t i t u d e , W100" -W101" l o n g i t u d e , l i n e a m e n t s t r e n d a t a mean azimuth o f 352" ( F i g . 3d) .
T h i s more n o r t h e r l y o r i e n t a t i o n i s r e f l e c t e d t o a l i m i t e d degree by t h e n o r t h -n o r t h e a s t t r e n d o f t h e Cambridge a r c h i n t h i s area.
These l i n e a m e n t s s t r i k e o b l i q u e l y t o t h e a r c h b u t may p a r a l l e l t h e a r c h as one moves e a s t o f t h e s t u d y area.
Thus, i f t h e s e l i n e a m e n t s a r e i n d i c a t i o n s o f s u b s u r f a c e s t r u c t u r e ( f a u l t i n g and f r a c t u r i n g ) , t h e s t r i k e o f t h e Cambridge a r c h c o n t r o l s t h e t r e n d o f t h e l i n e a m e n t s on t h e c r e s t and f l a n k s o f t h e arch.
A d e t a i l e d comparison of mapped l i n e a m e n t s t o known s t r u c t u r e i s d i scussed i n t h e Appendix.
I V . GEOTHERMAL CORRELATIONS
A. H o t Dry Rock Geothermal Resource G r a n i t i c rocks shown on P l a t e 1 were i n t r (Gosnold 1981b) 
u d e d l a t e r t h a n t h e m a j o r i t y o f basement r o c k s i n t h e area (Merriam and A t k i n s o n 1955; L i d i a k 1969, 1972). Thus, t h e s e a r e p l u t o n i c rocks younger t h a n 1800 Myr b.p. and may have h o t d r y r o c k (HDR) geothermal p o t e n t i a l because o f t h e i r composition, age, and r a d i og e n i c heat p r o d u c t i o n . The o n l y i n d i c a t i o n o f h o t g r a n i t e s i n Nebraska i s i n t h e extreme n o r t hwest where h i g h h e a t f l o w and geothermal g r a d i e n t v a l u e s (112 rnWm-',

66"C/krn)
suggest t h a t t h e g r a n i t i c basement produces r a d i o g e n i c h e a t ( P l a t e 1). The g r a n i t e s i n t h e n o r t h w e s t a r e dated a t 1710 k320 t o 1720 2130 Myr b.p. ( G o l d i c h e t a l . 1966; L i d i a k 1969; 1972).
There a r e no h e a t f l o w d a t a a s s o c i a t e d w i t h t h e g r a n i t e s i n t h e r e g i o n covered by Seasat ( P l a t e 1). However, t h e s e rocks a r e dated a t 1510 270 t o 1580 2230 M y r b.p. and a r e t h u s younger t h a n t h e g r a n i t e s i n t h e n o r t h w e s t ( G o l d i c h e t a l . 1966; L i d i a k 1969; 1972).
The younger age may be an i n d i c a t i o n o f h i g h e r r a d i o g e n i c heat p r od u c t i o n t h a n t h e n o r t h w e s t e r n g r a n i t e s . I t i s i m p o r t a n t f o r HDR e x p l o r a t i o n t o d e l i n e a t e areas t h a t have l i t t l e f a u l t i n g and f r a c t u r i n g i n o r d e r t o m i n i m i z e f l u i d l o s s i n t h e r e s e r v o i r rock. Thus, g r a n i t e s A and E ( P l a t e 1) may be a good t a r g e t f o r HDR i n v e s t i g a t i o n because o f a l a c k o f c a t a c l a s i s and mapped Seasat l i n e a m e n t s i n t h i s r e g i o n , a l t h o u g h l i n e a m e n t 1 may r e p r e s e n t a c o n t a c t between g r a n i t e E and t h e u n d i v i d e d P r e c a m b r i a n rock.
The l a c k o f 1 ineaments suggests minimal f a u l t i n g and/or f r a c t u r i n g i n t h i s area.
I n c o n t r a s t , g r a n i t e s B y C y and D appear t o have been e x t e n s i v e l y f r a c t u r e d and f a u l t e d a c c o r d i n g t o t h e 1 ineament a n a l ys i s shown on P l a t e 1 and P l a t e 4. T h i s f a c t may p r e c l u d e t h e s e areas f o r HDR e x p l o r a t i o n because o f p o t e n t i a l l y e x t e n s i v e f l u i d l o s s i n t h e g r a n i t i c r e s e rv o i r rocks.
Another i m p o r t a n t c o n s i d e r a t i o n f o r HDR development i s t h a t a r o c k temp e r a t u r e o f 200°C can be reached w i t h i n reasonable d r i l l i n g depths.
U n f o rt u n a t e l y , t h e r e i s no h e a t f l o w i n f o r m a t i o n f o r g r a n i t e s A and E.
However, i f one p o s t u l a t e s a geothermal g r a d i e n t o f 50"C/km, a t e m p e r a t u r e o f 200°C can be reached by d r i l l i n g 4 km.
F o r t h e west l i m b o f g r a n i t e A, one would have t o d r i l l t h r o u g h 1.4 km o f m a i n l y low-thermal c o n d u c t i v i t y Phanerozoic s h a l e s ( h i g h geothermal g r a d i e n t ) and 2.6 km of Precambrian g r a n i t i c r o c k t o reach t h e 4-km depth and 200°C t e m p e r a t u r e ( C a r l s o n 1966).
For t h e e a s t l i m b o f g r a n i t e A, t h e d r i l l i n g would p e n e t r a t e 1.2 km o f sediments and 2.8 km o f g r a n i t e .
S i m i l a r l y , g r a n i t e E would r e q u i r e d r i l l i n g 1.2 km o f sediments and 2.8 km of g r a n i t e .
These f i g u r e s f a l l w i t h i n economic d r i l l i n g depths and c a p a b i l i t i e s .
F o r HDR p r o d u c t i o n t o be f e a s i b l e , t h e g r a n i t i c basement r e s e r v o i r r o c k must have low p e r m e a b i l i t i e s .
However, t h e s e requirements have been met i n g r a n i t i c rocks a t Fenton H i l l , New Mexico, t h e i n i t i a l HDR t e s t s i t e .
Presumably, g r a n i t e s A and E i n Nebraska c o u l d a l s o meet these requirements. F i n a l l y , t h e p o t e n t i a l HDR s i t e should be l o c a t e d near a p o p u l a t i o n c e n t e r . G r a n i t e s A and E a r e a d j a c e n t t o N o r t h P l a t t e , a c i t y of 24 500 peopl e.
It? f a c t , g r a n i t e A l i e s j u s t 1 0 km t o t h e west o f N o r t h P l a t t e ( P l a t e 1 ) .
B.
Hydrothermal Resource P u b l i s h e d heat f l o w and geothermal g r a d i e n t data do n o t i n d i c a t e h i g h l y anomalous zones of heat f l o w i n southwest Nebraska where t h e r e i s Seasat coverage ( P l a t e 1 ) (Gosnold 1981a (Gosnold , 1981b .
Thus, t h e f r a c t u r e s and f a u l t s d e l i n e a t e d by Seasat i n t h i s area p r o b a b l y do n o t t r a n s p o r t h o t f l u i d s ; t h e hydrothermal p o t e n t i a l i n t h i s area appears t o be low.
However, f u r t h e r heat flow s t u d i e s a r e needed t o c o n f i r m t h i s hypothesis.
Yet, such a Seasat s t r u c t u r a l s t u d y i n t h e northwest and i n t h e panhandle o f Nebraska may prove extremely u s e f u l .
The h i g h r e g i o n a l heat f l o w and g r a d i e n t s i n t h i s area a r e due p r i m a r i l y t o u p d i p o f t h e sedimentary s e c t i o n from t h e Denver-Julesberg b a s i n eastward t o t h e Chadron-Cambridge arch. Hot water i s c a r r i e d upward by t h e Cretaceous Dakota a q u i f e r a t a r a t e o f 1 m/yr, and geothermal g r a d i e n t s a r e enhanced by low thermal c o n d u c t i v i t y s h a l e s i n t h e Phanerozoic s e c t i o n (Gosnold 1981a (Gosnold , 1981b .
A Seasat 1 ineament s t u d y a l o n g t h e Chadron a r c h would d e l i n e a t e zones o f t e n s i o n a l f r a c t u r i n g and f a u l t i n g caused by p e r i o d i c u p l i f t o f t h e arch.
Such s t r u c t u r e s have been suggested a t t h e c r e s t o f t h e C i n c i n n a t i -F i n d l e y a r c h i n western Ohio (Cannon e t a l . 1980). These f a u l t s and f r a c t u r e s r e p r e s e n t l i n e s o f weakness t h r o u g h which h o t f l u i d s may c i r c u l a t e beyond t h e Dakota a q u i f e r .
Thus, Seasat l i n e aments mapped along t h e s t r u c t u r a l h i g h o f t h e Chadron a r c h would i n d i c a t e zones o f h o t water c i r c u l a t i o n a t r e l a t i v e l y s h a l l o w depths as t h e sediments d i p up eastward toward t h e arch.
V. CONCLUSION
It has been shown t h a t Seasat imagery does c o n t r i b u t e t o d e l i n e a t i o n o f s u b t l e s t r u c t u r e s d i f f i c u l t t o d e f i n e i n any way o t h e r t h a n t h r o u g h d r i l l i n g . The imagery i s u s e f u l as a p r e l i m i n a r y e x p l o r a t i o n t o o l i n areas o f l i t t l e p h y s i o g r a p h i c r e l i e f , such as t h e m i d -c o n t i n e n t o f t h e U.S., and can be used f o r reconnaissance o f l a r g e areas.
It can be used t o l o c a t e s u r f a c e express i o n s o f basement s t r u c t u r e and may a i d i n p i n p o i n t i n g s p e c i f i c areas f o r f u r t h e r study.
I n combination w i t h o t h e r g e o l o g i c and geophysical d a t a t h e imagery can be a v a l u a b l e e x p l o r a t i o n t o o l .
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Grant Heiken o f t h e Los
A n t i c l i n e s a and c and s y n c l i n e b on P l a t e 2 seem t o c o r r e l a t e w i t h l i n e aments _ -a, b y a n r c o n -P l a t e 4. The l i n e a m e n t s may r e f l e c t t h e s t r i k e o f bedd i n g o r may r e p r e s e n t j o i n t i n g p a r a l l e l t o t h e axes o f t h e f o l d s .
B i l l i n g s (1972) s t a t e s t h a t t h i s k i n d of j o i n t i n g i s o f t e n observed.
Geological Survey, Golden, Colorado, personal communication 1980) a1 S O b e l i e v e s t h a t j o i n t s a r e seen e a s i l y on s a t e l l i t e imagery.
I n c o n t r a s t , sync l i n e s d and f and a n t i c l i n e e do n o t l i e on a l i n e w i t h l i n e a m e n t s d, e, and -f.
These lineaments do n o t T e f l e c t s t r i k e o f t h e beds and a r e l e s s T i k e l y j o i n t s ; f a u l t i n g o r f r a c t u r i n g i s p o s s i b l e here.
Furthermore, l i n e a m e n t g corresponds w e l l w i t h f a u l t g; t h e f a u l t zone i s v i s i b l e on t h e Seasat i mage, To t h e south o f l i n e a m e n t 7 l i e s e v e r a l lineaments on t h e same t r e n d . If t h e s e lineaments r e f l e c t f a u T t s , t h e y may i n d i c a t e a f a u l t system 30 km wide. The number of l i n e a m e n t s and t h e e x t e n t o f f a u l t i n g i n d i c a t e d on P l a t e s 2 and 4 demonstrate t h a t t h i s f a u l t zone i s a major basement s t r u c t u r e . L i k e w i s e , an e x c e l l e n t c o r r e l a t i o n e x i s t s between l i n e a m e n t h and f a u l t h. Again, t h i s s t r u c t u r e i s p r o b a b l y a Precambrian f e a t u r e ; t h i s T& a l o n g f a u T t t h a t extends southeast t o an area o f steep d i p and f u r t h e r beyond t o another basement f a u l t a l o n g t h e same t r e n d o f f t h e s t u d y area ( C o l e 1 9 6 2 ) . Lineament h t h a t s p l a y s o f f from l i n e a m e n t h and l i n e a m e n t s h and h a r e a l s o p a r t of-?he l i n e a m e n t system and most l i k d y p a r t o f t h e f a d ? s y s t d .
These f o u r l i n e a r s r e i n f o r c e t h e t h e o r y t h a t f a u l t h i s a m a j o r basement f e a t u r e .
To t h e n o r t h , l i n e a m e n t s a l s o r e f l e c t a s i g n i f i c a n t t r e n d ; t h e e a s t e r n p a r t o f t h e P l a t t e R i v e r on t h e study area i s s t r u c t u r a l l y c o n t r o l l e d f o r 30 km as i t p a r a l l e l s t h e s t r i k e of t h e Cambridge arch.
To t h e east o f f t h e map, t h e c r e s t o f t h e a r c h swings south as t h e r i v e r flows east.
Several lineaments, Ll and L2, correspond t o t h i s t r e n d .
The lineaments may r e p r e s e n t t h e f u r t h e s t e x t e n t o f t h e changing course o f t h e r i v e r , b u t t h e s t r i k i n g l i n e a r i t y o f t h e s e f e a t u r e s suggests t h a t t h e r i v e r course i s s t r u c t u r a l l y c o n t r o l l e d .
Moreover, t h e s e lineaments may r e f l e c t some shearing, as l i n e a m e n t -i3 o f f s e t s L1 and i2. Perhaps t h e r e has been r i g h t -l a t e r a l s t r i k e -s l i p movement i n t h i s area. S h e a r i n g a l s o i s i n d i c a t e d where l i n e a m e n t g and lineaments t o t h e southwest form a c h a r a c t e ri s t i c ' N U ' p a t t e r n (PeterSon 1979) , i n d i c a t i n g l e f t -l a t e r a l shearing. Other 'Nu' p a t t e r n s a r e seen t o t h e n o r t h o f t h e s e lineaments. F u r t h e r evidence f o r s t r u c t u r a l c o n t r o l o f d r a i n a g e i s shown i n t h e M i d d l e Loup R i v e r system. Lineaments j , j , and a s s o c i a t e d lineaments r e s u l t from an east-west alignment o f sand d d e s -z e a r t h e edges o f t h e r i v e r .
Yet, such alignments do n o t correspond s o l e l y t o wind a c t i o n , as R u s s e l l (1929) supposed. Two l i n e s o f evidence suggest basement c o n t r o l o f t h e s e lineaments. The f i r s t i s a p a r a l l e l i s m o f t h e l i n e a m e n t s t o steep aeromagnetic g r a d i e n t j , a l t h o u g h a t a s l i g h t angle t o aeromagnetic g r a d i e n t i, suggesting f a u l t i n g .
Indeed, t h e r e i s a s t r i k i n g alignment o f g r a d i e n t j a d l i n e a m e n t s Jl and J2.
Second, t h e western edge of P l a t e 2 shows t h a t t h e M i d d l e Loup R i v e r f o l l o w s t h e c r e s t o f t h e Cambridge arch.
It i s s t r o n g l y suspected t h a t t h e r i v e r and dunal p a t t e r n s a r e c o n t r o l l e d by basement s t r u c t u r e and t h a t t h e s e 1 ineaments r e f l e c t more t h a n s u r f i c i a l processes. Very p o s s i b l y basement f a u l t i n g i s showing t h r o u g h t h e a e o l i a n d e p o s i t s .
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T h i s east-west t r e n d p a r a l l e 1 s t h e west-pl unging f o l d s t o t h e southwest t h a t p r o b a b l y a r e c o n t r o l l e d by s a l t t e c t o n i c s .
Yet, t h e evidence i n d i c a t e s t h a t s t r u c t u r a l c o n t r o l by t h e a r c h i s dominant near t h e M i d d l e Loup R i v e r .
N o t a b l y , t h e w e s t -p l u n g i n g f o l d s $ , k~2 , and k3 s o u t h o f t h e South P l a t t e R i v e r s t r i k e o b l i q u e l y t o l i n e a m e n t s k , T h i s suggests t h e s e l i n eaments a r e n o t r e l a t e d s o l e l y t o saTl! t 2 Z t o n i c s .
I n f a c t , t h e i n f l u e n c e of t h e a r c h seems t o be dominant o v e r s i m p l e s a l t movement. Perhaps t h e two processes combine t o c r e a t e t e c t o n i c f e a t u r e s ; f o r example, l i n e a m e n t has a s t r o n g e r east-west t r e n d t h a t p a r a l l e 1 s sync1 i n e k Yet, i n t h e area o f t h e arch, c o n t r o l o f s t r u c t u r e and t e c t o n i c s by t h e a r c h dominates, w i t h p e r i o d i c u p l i f t c a u s i n g d e f o r m a t i o n .
Coupled w i t h s a l t t e c t o n i c s r e s u l t i n g from t h e d e p o s i t i o n o f Permian e v a p o r i t e s , t h e amount o f deformation i n c r e a s e s d r a m a t i c a l l y .
, and L3. 
